The presented study is a review of available geochemical data concerning a dredge area in the Puck Bay. It is a small, semi-closed and degraded water body on the Polish Baltic coast. In this region very deep dredging was conducted in the years 1989-95. Five dredge pits were created in the bottom of the bay. Only two of them have been geochemically investigated so far. In the deepwater parts of both the dredge pits organic matter accumulation resulted in sulfate reduction and subsequent hydrogen sulfide production in the sediment, as well as elevated nutrient concentrations in the interstitial waters. Moreover, temporal oxygen deficits in the near bottom waters were observed. Such conditions favor nitrogen and phosphorus release to the water column and potentially enhance the eutrophication. The impact of deep dredging on the chemical conditions in the dredged area seems to be controlled by a complex interplay of the season, phytoplankton biomass production and hydrodynamic conditions. Areas with high biomass production and low water dynamic are probably more vulnerable to environmental degradation due to deep dredging. This implies that some of the dredge pits require different methods of recultivation than others. However the decision if, and with which methods, to remediate dredge pits in the Puck Bay requires successive research including all the pits in all four seasons.
INTRODUCTION
Dredging is a very widespread antropogenic seabed disturbance used, for instance, to replenish sand on beaches, to create and maintain harbor, berth, waterways, and may also be used for underwater mining activities and as a technique for fishing certain species of crabs or edible clams. Dredging has many deleterious environmental effects (Johnston 1981) . Simultaneously, its impact depends on the intensity and method of dredging, as well as the environmental condition of the dredge area (Boyd et al. 2005 , Robinson et al. 2005 . Direct results of dredging include defaunation of sediment, changes in seabed topography and sediment structure (Gilkinson et al. 2003, Seiderer and Newell 1999) , release of nutrients and toxins from the sediment to the water column (Falcão et al. 2003 , Riemann and Hoffman 1991 , Su et al. 2007 , Vale et al. 1998 , increase in water turbidity (Black and Pary 1994, Wu et al. 2007 ). Horizontal and vertical sediment transport induced by dredging alters the redox regime by supplying labile organic carbon to depths in the sediment exceeding those supplied by natural biological mixing processes (Mayer at al. 1991 ). This in turn affects diffusion, organic matter mineralisation, and biological processes such as bioturbation and bioirrigation (Warnken et al. 2003) . Morphometry changes induced by dredging can alter hydrodynamic regime and potentially also the sediment transport (Work et al. 2004) .
In the Puck Bay -in particular very deep dredging was conducted in the years 1989-95. Deep pit excavation can create temporal anoxia and hypoxia inside the pits due to water column stratification and organic matter accumulation at the bottom of the pits (Flocks and Franze 2002, Nairn et al. 2004) . Changes in sediment size and dynamics in and around the pits were observed , Jutte et al. 2002 , Nairn et al. 2004 , Palmer et al. 2008 . A low-flow zone can occur within a dredge pit, which promotes deposition of fine-grained sediment (Johnnston 1981) . In very deep (20-25 m) pits excavated in Lake Pontchartrain in the early 1930's, sediments were laminated and show minimal disturbance from water turbulence or bioturbation (Flocks and Franze 2002) . Adverse influence of deep dredging on the benthic community inside the dredge pits was also observed in the Puck Bay and in the Gulf of Mexico (Flocks and Franze 2002 , Palmer et al. 2008 , Szymelfenig et al. 2006 . Microbiological investigation indicated that deep dredging favors bacteriological pollution and can cause the self-purification potential of the ecosystem to be diminished (Graca and Dudkowiak 2007) .
In the Puck Bay deep dredging was conducted in order to obtain sand for the reinforcement of the sea-facing shore of the Hel Peninsula. Five dredge pits were then created in the bottom of the Bay (Fig. 1) . They are considerably deeper (8-14 m) than surrounding bottoms, where the depth does not exceed 2 m. Additionally, they are characterized by smaller surface to depth and length to width ratios than the natural depressions encountered in the Bay, called "Hollows" (Hollow Kuźnicka, Rzucewska and Chałupska, Fig. 1 ). The morphometry of the pits and low water dynamics in the dredge pit area prevent the sediment resuspension (Gajewski 1993, Maksymowska unpresented data) . In effect, they create sediment traps for the material transported over the bottom and settling out of the water column. High concentrations of organic matter, nutrients and hydrogen sulfide and a decrease of sulfate concentration in sediment was characteristic for the deep part of dredge pits Władysławowo and Kuźnica II (Fig. 1) . In Władysławowo pit such conditions were accompanied by oxygen deficits in near bottom waters .
The presented study is a review of available geochemical data concerning a dredged area in the Puck Bay. Also some new data are presented. The purpose of the study was to characterize the impact of deep dredging on the chemical conditions and assess the environmental threats resulting from it. This is essential for deciding about the eventual recultivation of the dredge pits, as well as to indicate the future scope of research necessary for the decisions.
The Puck Bay is a small water body (462 km 2 ) situated in the southern part of the Baltic Proper. Despite its advanced degradation, it is still a naturally and economically valuable area on the Polish Baltic coast (Andrulewicz 1993) . The western part of the bay, called Inner Puck Bay, is smaller (103 km 2 ) and shallower (average depth equals 3 m, maximum depth of approximately 9 m) than the eastern part, called Outer Puck Bay (average depth of 15.5 m, maximum 54 m) (Nowacki 1993) . From the north the Bay is restricted from the open Baltic by the Hel Peninsula, and the water exchange occurs to the east, through the Gulf of Gdańsk. Growth season in the bay starts in March-April, and continues until September (Latała 1993) . The bottom of the bay is covered by sediments of different grain sizes, and their type strongly depends on the bed morphology (Kępińska and Wypych 1990 , Musielak 1984 , Pieczka 1974 . In the coastal zone, where deep dredging was undertaken, sandy sediments dominate.
The first information about chemical conditions in the dredge pits located in the Puck Bay was published in 1996 . This investigation was conducted in June and October 1995, at five stations (W1-1.8 m, W2-4.8 m, W3-6.5 m, W4-4.8 m, W5-1.8 m) located in the Władysławowo pit. Next, unpublished research was conducted by the author in pits Władysławowo and Kuźnica II in the years 1998-1999. Another study was published in 2004 , based on research carried out in the years [2001] [2002] [2003] in the Kuźnica II pit (station PP-9.5 m), on its outskirts (station F-2 m) and in the Hollow Kuźnicka (station NP-7,5 m) (Fig. 1) .
During the research conducted in 1995 nutrients (ammonia, phosphates) and sulfate concentrations were measured in the near bottom and interstitial waters. Oxygen content in the near bottom water and hydrogen sulfide concentration in the sediment has been measured as well. In the years 2001 ) the same parameters as in 1995 were measured in the interstitial and near bottom waters, as well as nitrates, nitrites and hydrogen sulfide concentrations. In sediments moisture content (W), loss on ignition (LOI), carbon (C), nitrogen (N) and phosphorus (P) concentrations were analyzed.
MATERIALS AND METHODS
Samples were collected in November 1998 and June 1999 by scuba divers at the station located in Władysławowo pit (same stations as in 1995 and in Kuźnica II (3 stations -K1-2.5 m, K2-6.5 m and K3-1.8 m). Both dredge pits are located in the Inner Puck Bay (Fig. 1) . The sediment was sampled with a PVC pipe of 2.5 cm in diameter, whereas the seawater was collected directly in plastic and glass bottles. Interstitial waters from the surface sediment layer (c. 4-5 cm) were obtained in situ by means of a syringe tipped with pumice stone. A detailed description of this method has been given in Graca et al. (2004) .
In surface, near bottom and interstitial water ammonia concentration has been determined by means of indophenol method and phosphate concentration by ascorbic acid-molybdate method. These are common procedures for nutrient determination in oceanography (Grasshoff et al. 1983) . Sulfate concentration of sediment was analyzed according to the method desribed by Hermanowicz et al. (1999) . Oxygen content in the water column was measured by titration (Strickland and Parsons 1972) . Hydrogen sulfide concentration in the surface sediment layer (0-2.5 cm) was analyzed by means of the iodometric method, after prior conservation of the sample with zinc acetate (Zhabina 1985) .
In the surface sediments collected during the years 2001 ) chlorophyll a (chl a) and phaeopigment a (phae a) concentrations (Edler, 1979 , Parsons et al. 1985 were measured. The results have been not presented before.
RESULTS

Environmental conditions in the dredge pits
Phosphate concentrations in the Inner Puck Bay range from 0.09 to 19.20 μmol dm -3 , mean values reach 0.97 and 2.02 μmol dm -3 in warm and cold seasons respectively Figure 2 .
In deepwater parts of Władysławowo pit, periods of decreased oxygen concentration in near bottom water (O 2 < 2 cm 3 dm -3 ) were observed (Fig. 3a) . Temporal anoxia and hypoxia were also observed in deep dredge pits located in other reservoirs (Flocks and Franze 2002) . In June 1995 low oxygen conditions in Władysławowo pit corresponded to a decrease in sulfate concentration down to 155-277 mg dm -3 , while typical concentrations of this compound in the study area vary from 560 to 650 mg dm -3 (Bolałek 1992 ). In the Kuźnica II pit and adjacent areas, near bottom waters were always oxic ( Fig. 3b) , hydrogen sulfide free, and were characterized with quite stable sulfate concentrations (429-558 mg dm -3 ). Nutrient concentrations in interstitial waters in dredge pits (Table 1) were situated in the high and medium range as compared to those observed in coastal sands of the Gulf of Gdańsk . Usually the highest ammonia and phosphate concentrations in the interstitial waters were observed in the deepwater parts of the dredge pits (Fig. 2 ). An exception were the periods of oxygen deficits. During these periods phosphate concentrations were lower in the deepest part of the Władysławowo pit than at the deep slopes of the pit, where oxygen conditions were better. Such a situation occurred in June 1999 (Fig. 2b ) and in June 1995 .
Cluster analysis applied for interstitial nutrient concentrations observed in the Kuźnica II dredge pit (station PP) and natural bottom (stations NP and F) in the years 2001-2003 has clearly separated the pit's results obtained in September, March and June from others (Fig. 4) . Ammonia and phosphate concentrations observed in the pit during those periods were on average 21 times and 6 times higher, respectively, than those found in other areas. Concentrations of the sum of nitrates and nitrites in the dredge pit and surrounding areas were similar.
In both dredge pits periods of decreased sulfate concentration in the interstitial waters have been observed. The lowest values (<10 mg dm -3 ) occurred in the Władysławowo pit in June 1995. Sulfate concentrations were lower in the Kuźnica II pit than at its outskirts and than those in the area of natural Kuźnicka Hollow (Table 1) . Hydrogen sulfide has frequently been observed in sediment from the dredge pits (Table 2 ). Only at shallow (1.8 m) slopes of the Władysławowo pit in 1995 and in April 2002 in the Kuźnica II pit hydrogen sulfide was not present. Sediments located at the outskirts of Kuźnica II pit and in the natural Kuźnicka Hollow were also hydrogen sulfide free (Table 2) .
Chemical conditions in the interstitial waters are a good indicator of processes acting in the water column and the extent of eutrophication, as well as the rate and pathways of organic matter mineralization in the sediments (Mikulski 1974 , Samuelsson 1985 . High concentrations of ammonia and phosphates, accompanied by a decrease in sulfate concentration and the presence of hydrogen sulfide observed in deepwater parts of dredge pits are an indication of intensive anaerobic organic matter degradation and are typical for highly eutrophicated water bodies .
Sediments in the deepwater part of the Kuźnica II were characterized with distinctly higher moisture content, loss on ignition, concentrations of C, N and P, and also chlorophyll a and phaeopigment a than those observed on the outskirts of the pit (Table 3) . Values of those parameters in the dredge pit were also in most cases higher than those found in the natural Kuźnicka Hollow. Additionally they were characterized by large interseasonal variability. based on Graca et al. 2004 Especially high values were found in September and March (Table 3) . Organic matter accumulation was also typical for dredge pits located in other regions (Flocks and Franze 2002, Palmer et al. 2008 ).
In the sediments of the Kuźnica II dredge pit the highest mean ratio C/chl a has been observed (Table 3 ). This indicates higher organic matter contribution of a different type than phytoplankton common in this area. A percentage of phaeopigment contribution in the chromatophores in sediments (phae a×100/ (chl a + phae a)) did not show regional variability (Table 3) , which in turn suggests a similar physiological state of the phytoplankton deposited to the sediments in the area.
Changes in environmental conditions due to deep dredging
In the eastern part of the Southern Baltic two bottom types were distinguished: transport-accumulation beds, where W≥50% and LOI≥4%, and erosion beds, where W<50% and LOI<4% . This division reflects hydrodynamic activity, which controls present day sedimentation processes. Based on average W and LOI (Table 3) , we can classify both natural Kuźnicka Hollow and the Kuźnica II dredge pits as transport-accumulation beds, while the outskirts of the pit (station F) is an erosion bed. This indicates that, due to deep dredging, the deepwater parts of the dredge pit, which were previously situated in an erosion bed area, became more similar to the natural Kuźnicka Hollow area, characterized with low hydrodynamic activity and prevailing accumulation processes (Wajda and Witkowski 1985) .
Changes in chemical condition due to deep dredging were most pronounced in the deepwater parts of the dredge pits (h>5 m). They included sediments and interstitial waters. Production of hydrogen sulfide in sediment and elevated nutrient concentrations in interstitial waters were a consequence of the accumulation and decomposition of auto-and allochtonic organic matter in the bottom of the pits. In the Władysławowo dredge pit, a negative influence of deep dredging was also clearly visible above the sediment. Degradation of the organic matter accumulated in the bottom of this pit favored oxygen deficits in the near bottom waters (Fig. 3) . The concentration of hydrogen sulfide in the near bottom waters of the Władysławowo dredge pit has not previously been measured. However, hydrogen sulfide has probably been present there as indicated by low sulfate concentrations and an abundance of sulfate reducing bacteria . It is also possible that the low sulfate concentration observed there could be partly the result of freshening bay waters with river water.
It seems that chemical conditions in the dredge pits remain under the strong influence of the hydrodynamics of the area. Pit Kuźnica II is located close to Kuźnickie Passage and Głębinka Strait (Fig. 1) . This area is characterized by strong currents, through which the water exchange between the Inner and Outer Puck Bay takes place. During the high water levels an exchange occurs also through the Rybitwia Mielizna (Nowacki 1993) . Such conditions probably favor "flushing" the pit Kuźnica II. Consequently, good oxygen conditions were reported in all cases in the near bottom waters of the pit, despite the accumulation of organic matter in the sediments and its intensive degradation. In the more "isolated" Władysławowo dredge pit (Fig. 1) , water exchange is probably more restricted which favored water stagnation and had a negative effect on oxygen conditions. Chemical conditions in the water bodies are controlled, among other things, by the seasonal rhythm of organic matter production and destruction. In the Władysławowo dredge pit this has been demonstrated by oxygen deficits in the near bottom waters after the spring phytoplankton blooms (June), and at the end of the growth season (October). Also in the dredge pit Kuźnica II an interseasonal variability has been noted. However, due to scarcity of the data, it is hard to unequivocally establish a general "model" of the seasonal influence on the chemical conditions in the pits.
Environmental threats resulting from deep dredging
Altogether, the area of all the five pits equals c. 1.4 km 2 , which represents 4% of the land strip as long as the Hel Peninsula (34 km) and 1 km wide (all pits are located less than 1 km from the shore of the peninsula). In the studied pits, the deepwater parts were the most degraded. Probably the same situation occurs in other, as yet unstudied dredge pits. It has to be noted however, that pit degradation can probably differ depending on location and the resulting hydrodynamic conditions (see above). Nonetheless, a direct environmental degradation due to deep dredging concerns a relatively small area of the bay.
Hydrogen sulfide production in the sediments restricts its ability to store phosphorus and nitrogen. Whether phosphate ions will diffuse from sediment into the water column is decided, among other things, by the Fe 2+ :(HPO 4 2-+ H 2 PO 4 -) ratio in interstitial and near bottom waters. Phosphorus storage in sediment occurs when the molar ratio of the above components becomes larger than 2 (Gächter and Müller 2003 , Gunnars and Blomqvist 1997 , Gunnars et al. 2002 , Lehtoranta and Heskanen 2003 . Low values of this ratio result from the sulfate reduction and formation of poorly soluble iron sulfides. In very deep pits (20-25 m) excavated in Lake Pontchartrain sulfate reduction is the dominant process of organic matter destruction (Flocks and Franze 2002) . Decrease in sulfate concentration (Table 1 ) and availability of hydrogen sulfide (Table 2) observed in Kuźnica II and Władysławowo pits also indicate that this is common.
An elevated concentration of hydrogen sulfide inhibits denitrification and promotes ammonification. As a result most of the nitrogen regenerated in sediment from organic matter returns to the water as easily bioavailable NH 4 + (Christensen et al. 2000 , Kelly et al. 1985 , Sørensen et al. 1980 . Benthic organism's activities stimulate processes that counteract eutrophication, i.e., denitrification and increased phosphorus retention of the sediment (Karlson et al. 2005 (Karlson et al. , 2007 . Furthermore, they are good indicators of changing environmental conditions and are usually examined in dredged areas (Nairn et al. 2004 , Robinson et al. 2005 , Seiderer and Newell 1999 . Conditions in the dredge pits do not favor their recolonization (Flocks and Franze 2002 , Palmer et al. 2008 , Szymelfenig et al. 2006 . Hence, indirect threats to the environment resulting from deep dredging include a potentially stronger release of nitrogen and phosphorus from sediments into the water column. A comparison between the Kuźnica II pit and natural Kuźnicka Hollow showed that in the dredge pit 3 times more C and N and c. 1.5 times more organic phosphorus accumulated . Simultaneously, in the pit area an accelerated release of phosphorus and nitrogen from sediment into the water column has been observed. This was indicated by a decrease of phosphorus accumulation to its removal ratio from 9.3 in natural bottom to 2.2 in the dredge pit area, and a decrease of denitrification to ammonification ratio from 6.3 in natural bottom to 0.2 in the dredge pit area. Also, in the deepwater part of the Władysławowo pit, a release of phosphorus from the sediments into the water column occurred, which is indicated by an impoverishment of sediments from labile phosphorus forms .
It is worth mentioning that an important internal nitrogen and phosphorus source could also be the detritus decomposition over the sediment. Submarine observations showed that, after the first few months of intensive vegetation, the thickness of the detritus layer covering the bottom in the deep part of Władysławowo pit equaled c. 1.5 m, while at the end of the growing season it decreased to 0.25 m, or has been indiscernible.
Crude estimation, based on benthic nutrient fluxes , indicates that in the deep part (h<9 m, area of ca. 28764 m 2 ) of the Kuźnica II dredge pit about 7 kg of P and 80 kg of N was released annually from the sediment to the water column. In highly eutrophicated Puck Bay, where about 16.1 tP a -1 and 18 tN a -1 is discharged from external sources (Pempkowiak 1997) , such loads are important locally rather than for the whole bay. However to properly assess the scale of the problem, similar calculations should be done for all dredge pits and their outskirts. Unfortunately there is a lack of suitable data.
Changes in bay morphometry induced by pits can affect the water dynamic and in turn water residence time of the bay. It has a major influence on the transportation, transformation, retention and exportation of nitrogen and phosphorus in a water body, and hence on the eutrophication (Pinckney et al. 2001 ). In the water bodies characterized by long water residence times, the residence times of nitrogen and phosphorus are also long. In such cases the importance of internal loadings increases because nitrogen and phosphorus are accumulated in the water column (Dettman 2001 , Nedwell et al. 1999 , Savchuk and Wulff 2007 , Wulff and Stigebrandt 1989 . Therefore, it is very important to evaluate how pit excavation influenced the water dynamic in Puck Bay.
CONCLUSIONS
Deep dredging caused a decrease in the hydrodynamic activity and enhancement of the accumulation processes inside the dredge pit. Accumulation of organic matter in the deepwater parts of the pits resulted in sulfate reduction and subsequent hydrogen sulfide production in the sediments, as well as elevated nutrient concentrations in the interstitial waters. Moreover, temporal oxygen deficits in the near bottom waters are possible. Such conditions potentially favor eutrophication because they stimulate nitrogen and phosphorus removal to the water column.
Crude estimation of nitrogen (80 kg a -1 ) and phosphorus (7 kg a -1 ) loads released from the sediment in the Kuźnica II dredge pit suggest their local importance. However, in order to properly assess the scale of the problem, it is necessary to estimate loads of N and P released from the sediments in all the dredge pits, as well as to find out how the morphometry changes due to pit excavation affect the water residence time in Puck Bay. Furthermore, N and P benthic fluxes in dredge pits should be compared to fluxes in the natural bottom of the bay.
The impact of deep dredging on the chemical conditions in the dredge pit area seems to be controlled by a complex interplay of the season, phytoplankton biomass production and hydrodynamic conditions. Areas with high biomass production and low water dynamic are probably more vulnerable to environmental degradation due to deep dredging. It implies that some of the dredge pits require different methods of recultivation than others.
Władysławowo pit was more degraded than Kuźnica II. However, the degradation magnitude of the remaining dredge pits located in the study area and the seasonal influence on environmental conditions in the pits is not known. This information is necessary when deciding whether to recultivate dredge pits, and when choosing a way to conduct it. Therefore successive geochemical investigation of sediments, near bottom and interstitial waters, as well as a study of benthic organisms including four seasons and all the pits and their outskirts are needed.
